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(57) • The invention relates to a method of manufac- 
turing an indiffused optical waveguide (6) in a substrate 
(1). A metal (e.g.Titanium) layer (7) and photoresist (8) 
are deposited on a substrate (e.g.LiN60 3 ) (1) in this 
order. Portions of the photoresist (8) are removed such 
that a photoresist structure (8) corresponding to the 
desired waveguide structure is left. The exposed por- 
tions of the metal layer (7) are removed by a chemi- 
cal/physical etching technique whereafter the remaining 
photoresist (8) is removed and the remaining metal 
layer (7) is diffused into the substrate (1 ) by a heat treat- 
ment. The usage of a chemical/£hysical etching method 
for removing portions of the metal layer (7) results in 
smaller variations in the width of the waveguide after 
indiffusion. Such waveguides are particularly advanta- 
geous when being used in connection with acousto- 
optical devices. The optical waveguides according to 
the invention are also useable with other integrated 
optics devices. 
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Description 

FIELD OF THE INVENTION 

[0001] The invention relates to a method of manufac- 
turing an indiffused optical waveguide structure in a 
substrate. Furthermore, the invention relates to an indif- 
fused optical waveguide manufactured by such a 
method and to various integrated optics devices using 
such indiffused waveguide structures. Such integrated 
optic devices may be for example an acousto-optical 
mode converter, an acousto-optical switch, an optical 
power splitter, a dual-output Mach-Zehnder moduiator, 
a polarisation splitter and an electro-optical switch. In 
particular the invention relates to making an indiffused 
optical waveguide in birefringent substrate materials like 
LiNb0 3 . In such a birefringment substrate the refractive 
index neff, TE, TM for the quasi TE and quasi TM- 
modes in the waveguides will respectively have slightly 
different values with respect to the substrate index. 
[0002] The manufacturing method and the waveguide 
structures according to the invention are superior to pre- 
viously known waveguide structures in that they can be 
manufactured with higher dimensional precisions, for 
example, in order to keep the variations of the birefrin- 
gence along the optical waveguides as small as possi- 
ble resulting in an overall improved performance of 
integrated optic devices using such waveguide struc- 
tures. 

BACKGROUND OF THE INVENTION 
[0003] 

Fig. 1 shows several optical waveguide structures 
applied to integrated optic devices, for example a 
raised stripe waveguide (Fig. 1b), a rib waveguide 
or optical stripe-line (Fig. 1c), a general channel 
waveguide (Fig. 1d) or a ridge waveguide (Fig. 1e). 

[0004] Many integrated optics devices use the so- 
called diffused or embedded waveguide as shown in 
Fig. 1a. 

[0005] Furthermore, the optical waveguide structures 
are not limited to any particular longitudinal geometry, 
i.e. any kind of straight or curved geometry as used in Y- 
junctions, polarising beam splatters etc. can be used. 
Fig. 2 shows examples of such basic structures: Fig. 2a: 
Y-junction, Fig. 2b: WDM-device; Fig. 2c: star coupler 
and Fig. 2d: polarising beam coupler. 
[0006] Furthermore, the optical waveguide and sub- 
strate materials are not limited to any particular mate- 
rial. That is, generally the materials can comprise 
isotropic, anisotropic and birefringent materials. In par- 
ticular, the usage of a birefringent substrate is essential 
for the manufacturing of acousto-optical devices. For 
example, the diffused channel waveguide of Fig. 1a can 
comprise a substrate material of LiNb0 3 with a 



waveguide made by a titanium indiffusion. Whilst theo- 
retically the geometry of the waveguide within the sub- 
strate is determined on the basis of known diffusion 
profiles, due to the fabrication conditions such a theoret- 

5 ically calculated diffusion profile or waveguide geometry 
is never reached in practice. Furthermore, there is no 
easy means to measure the actual distribution of the 
waveguide cross section. Therefore, the operator per- 
forms numerous experiments to find out the manufac- 

io turing conditions such that the produced integrated 
optics device has a performance that fulfils the theoreti- 
cally calculated requirements. 

[0007] Therefore, due to the imperfections during the 
fabrication processes used for making the waveguides 

15 in Fig. 1 (for example disuniformities in the titanium 
stripe dimensions, temperature gradients during diffu- 
sion, etc.) the effective waveguide birefringence varies 
locally over the wafer used for making a plurality of such 
devices at the same time and also as an averaged value 

20 from wafer to wafer. The applicant has found that the 
performance of single optical components (e.g. straight 
and curved waveguides) as well as more complex inte- 
grated optical devices, like an acousto-optical mode 
converter depends critically on the uniformity of the 

25 waveguide birefringence. Thus, the overall performance 
and reproducibility of acoustooptical devices strongly 
depends on the homogeneity and reproducibility of the 
fabrication processes. 

[0008] Birefringence essentially means that the effec- 

30 tive index (or the propagation constant) for (quasi) TE- 
modes and TM-modes is different and therefore the 
requirement of a small variation of birefringence means 
that the difference in propagation constants or the differ- 
ence in refractive index An remains the same along the 

35 optical waveguide as much as possible. There is no 
known relationship between the extent of such a bire- 
fringence variation and the fabrication parameters and 
thus it js unpredictable how large such variations are. 
[0009] The birefringence variations can have detri- 

40 mental effects even in simple single waveguides. In inte- 
grated optics and also in distributed optical 
communication systems it is often desirable to switch 
the input polarisation of a TE-mode to the TM-polarisa- 
tion and this can, for example, be performed by electro- 

45 o ptical couplers or by an aco^o-optic^l mode con- 
verter. The latter device is based on the usage of a bire- 
fringent optical waveguide and if this waveguide has 
birefringent variations this will cause the performance of 
this device to deteriorate drastically. 

50 

BIREFRINGENCE VARIATION IN ACOUSTO-OPTIC 
DEVICES 

[001 0] The detrimental effects of birefringent variation 
55 in the basic acousto-optical mode converter are 
explained with reference to Fig. 3. The working principle 
of an integrated acousto-optical device e.g. on LiNb0 3 
is based on a wavelength selective polarisation conver- 
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sion between two copropagating optical waves polar- 
ised along the main birefringence axes of the LiNb0 3 - 
crystal i.e. between the 7M"- and TE"-modes. Energy 
can be exchanged between these orthogonal polarisa- 
tion modes when they get coupled by the off-diagonal 
elements in the dielectric tensor. This is possible for 
example by the electro-optic or photo-elastic effect as 
explained below. A surface acoustic wave, i.e. an elastic 
"Rayleigh-wave" in a photoelastic and piezoelectric 
material such as in LiNb0 3 is an ideal means of cou- 
pling due to its tunability in frequency and in power. 
[0011] As shown in Fig. 3 a straight monomodal 
waveguide of conventionally for example 7 \im is 
embedded in about a 100 jim wide monomodal acous- 
tic-waveguide (x-cut, y-propagating LiNb0 3 -crystal). 
Both optical waveguides and acoustic claddings are 
fabricated by a titanium indiffusion. Metalinterdigital 
transducers of a suitable configuration are deposited on 
top of the crystal at the beginning of the acoustic 
waveguide. By applying a RF-drive signal at the inter- 
digital transducer electrode an acoustic wave is excited. 
The acoustic wave travelling along the interaction length 
induces the mode coupling for the optical polarisation 
modes. To define a certain conversion band width, the 
interaction length L is limited by an acoustic absorber. 
[0012] A fundamental condition for energy transfer is 
the phase matching between the polarisation modes 
which results from the solution of the coupled wave 
equations. A conversion efficiency of 100% can 'only be 
achieved if the phase difference between the two optical 
modes (TE- and TM -modes) with different effective 
refractive indices is continuously compensated, which 
means a completely synchronous interaction along the 
interaction length. This synchronous interaction is 
essentially caused by means of an acoustic "Bragg"- 
grating having a predetermined period and inducing a 
coupling between the "TE"- and TM w -mode. The cou- 
pling effect is described by the following equation: 

2n "eff.TM 2k n eff,TE R A AR 2tt 
X X = P TM-PTE = A P = — (1) 

Here n eff XM and n eff TE are the effective refractive indi- 
ces for the (quasi) TE- and TM-modes, P™, p TE ? are the 
propagation constants for the wavelength.X (in vacuum) 
and A ac is the wavelength of the acoustic wave (i.e. the 
periodicity of the perturbation of the dielectric tensor 
induced for instance by a periodic electric field or a sur- 
face corrugation, i.e. the acoustic "Bragg"-grating. Typi- 
cally, the is about 20-21 urn for k = 1530 - 1570 
mm. The propagation constant (wavenumber Kac) is 

1 ac v ac 

where A& c is the acoustic wavelength, f ac is the fre- 



quency and v ac is the velocity of the acoustic wave. This 
is a phase matched (and thus wavelength dependent) 
process and a variation of the waveguide birefringence 
has a drastic effect on the phase matching and thus 
5 negatively influences the spectral conversion character- 
istics. The longer the waveguide is, the more detrimen- 
tal the variations of birefringence on the phase matching 
is. 

[0013] For optical wavelengths which do not fulfil the 
10 phase matching conditions the deviation 6 from the 
ideal phase match condition can be expressed by the 
following equation: 

* ^h^H^-^< An ^ (3) 

where An eff is the difference between the effective 
refractive indices of the guided polarisation modes. At a 

20 fixed acoustic frequency f ac , the value 6 is a function of 
the optical wavelength X and of An efr Only for 5 = 0 a 
perfect phase matching exists and a complete energy 
transfer is possible. In a highly birefringent material as 
LiNb0 3 (An 6ff « 0.072) the phase mismatch 5 is a rela- 

25 lively strong function of the wavelength and hence 
LiNb0 3 is a good candidate to fabricate components 
with conversion characteristics of small bandwidths. 
However, variations in nQ ffiTEi n eff|TM (i.e. An eff ) will influ- 
ence whether or not a perfect phase matching can be 

30 achieved. The conversion efficiency ti in case of a 
phase matched interaction is given by : 

n=sin 2 ( Y yp^L) (4) 

35 

where the factor y contains the material constants con- 
tributing to the coupling (elastooptic and piezoelectrical 
coefficient), P ac is the power of the acoustic wave and L 
is the length of the acousto-optical mode converter. It is 

40 seen that the conversion efficiency t\ is, for the example 
. of a constant coupling, approximately in the form of a 
(sinx/x) 2 - type behaviour (acoustic directional couplers 
with weighted coupling may for example possess a 
Gaussian-type behaviour - therefore, the constant cou- 

45 pling only serves as one illustrative example here). 
[0014] Fig. 4 shows a typical experimental result of 
measuring the conversion efficiency of a LiNb0 3 acou- 
sto-optical mode converter of the "constant coupling 
type" comprising a diffused waveguide of a width of 7.0 

so jim, a length of 60 mm and a height of 1250 A (A = 10" 
10 m). The values of width and height correspond to val- 
ues before indiffusion. The graph in Rg. 4 shows many 
side lobes and does not very well resemble a (sin x/x) 
function due to strong variations in the birefringence of 

55 the optical waveguide. 

[0015] Fig. 5 (relating to the same device as in Fig. 4) 
shows the phase matching frequency along an acousto- 
optic mode converter of 6 cm length for light of a wave- 
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length of 1536 nm. The phase matching frequency and 
the effective birefringence are proportional to each 
other (An eft = X • f ac /v ac ; v ac = 3780 m/s for LiNb0 3 
in the case of the above device). Fig. 5 illustrates that 
the type of optical waveguide used has a strong birefrin- 5 
gence variation since the phase matching frequency 
alters along the longitudinal direction. Such experimen- 
tal results can be obtained by using a pulse probing 
technique as is described in "Acoustic Pulse Measure- 
ments of Acousto-Optic Tunable Filter Properties" by 70 
L.B. Aronson, G. Ranken, T.R. Ranganath, D.W. Dolfi in 
[IPR19S, DANA POINT, post-deadline paper #6-2]. 
Therefore, in order to improve the performance of any 
integrated optic device that uses an acoustic-optical 
mode converter, such as an acousto-optic tunable 2x2 75 
wavelength space switch (Fig. 6) or an integrated acou- 
sto-optical filter (Fig. 7), the aim is to make the conver- 
sion efficiency (shown in Fig. 4) to correspond as much 
as possible with the ideal curve. In the case of a con- 
stant coupling this means to make the conversion effi- 20 
ciency to correspond with the (sin x/x) 2 -type 
behaviour. As disclosed in a parallel patent application 
filed by the applicant on the sametiay as the present 
application, this is achieved by having the birefringence 
of the optical waveguide varying as little as possible 25 
along the optical waveguide (Fig. 5). 
[0016] The source of sidelobe asymmetry in inte- 
grated acousto-optic filters was studied in "Source of 
Sidelobe Asymmetry in Integrated Acousto-Optic Fil- 
ters" by D.A. Smith, A. d'Alessandro, J.E. Baran and H. 30 
Herrmann, published in Applied Physics letters, vol. 62, 
pages 814-816 (1993). Here, the source of the asym- 
metry causing a cross-talk between wavelength-multi- 
plexed optical channels is found to be influenced by the 
systematic even-order variation of the effective 35 
waveguide birefringence as a function of distance from 
the device center. Approximate simulations are pre- 
sented that indicate what degree of non -uniformity of Ti- 
stripes thickness, width or diffusion temperature are 
responsible for such typical asymmetries. It is con- 40 
eluded that an intrinsic An variation is most likely due to 
a systematic longitudinal variation in device fabrication 
parameters, such as waveguide widths, layer thickness 
or diffusion temperature. It is also found that the 
sidelobe asymmetry may be caused from a systematic 45 
variation of the acoustic velocity profile. As remedies for 
sidelobe suppression it is suggested to impose a com- 
pensating structural bias on the optical waveguide 
widths leading to a cancellation of the beat-length non- 
uniformity. 50 
[0017] S. Schmid, M. Sottocorno, A. Appleyard, S. 
Bosso report in "FULL WAFER SCALE FABRICATION 
OF ACOUSTO-OPTIC 2x2 WAVELENGTH SELEC- 
TIVE SPACE SWITCHES ON LiNb0 3 ". on pages 21 - 
24 in the ECIO'95 proceedings (post-deadline papers) 55 
of the 7th European Conference on Integrated Optics, 
April 3-6, 1995, Delft, The Netherlands, that optical 
waveguides for use in acousto-optic mode converters 



were manufactured using an indiffusion of an about 
1 000 A thick and 7 \im wide titanium stripe at a temper- 
ature of 1 030 °C for 9 h. For an acoustooptic mode con- 
verter a degradation of the band-reject characteristics is 
observed when light of both polarisations is launched 
into the device. This degradation is found to be due to 
small birefringence inhomogenities caused by fabrica- 
tion tolerances resulting in a phase match frequency to 
vary between 25 and 50 kHz. 

[0018] In "TAPERED ACOUSTICAL DIRECTIONAL 
COUPLERS FOR INTEGRATED ACOUSTO-OPTICAL 
MODE CONVERTERS WITH WEIGHTED COUPLING" 
by H. Herrmann, U. Rust and K. Sch@fer, IEEE Journal 
of Lightwave Technology, Vol. 13, Nr. 3, March 1995, 
pages 364-374, a polarisation independent integrated 
optical wavelength filter with a tapered acoustical direc- 
tional coupler is discussed. The optical waveguides 
were fabricated by an indiffusion of 7 p.m wide Ti-stripes 
during typically 9 h at 1030 °C. It is reported that such 
waveguide parameters and manufacturing parameters 
yield a single mode optical waveguide for both TE and 
TM polarisations in the spectral range round X = 1 .55 
fxm. The conversion characteristics of the mode con- 
verters disclosed here exhibit a slight asymmetry since 
the main side lobe on the left side of the main maximum 
is about 1 .3 dB higher than that on the right side of the 
maximum. This asymmetry is here explained with the 
fact that the amplitudes of the even and odd surface 
acoustical wave modes are not exactly equal at the 
location of the optical waveguide. Here, the asymmetry 
is not attributed to a variation of the acoustic wave vec- 
tor and therefore a variation of the phase matching con- 
dition along the device. It is here concluded that it 
should be possible to fabricate acousto-optical mode 
converters with a strong side lobe suppression, if the 
problems with the inhomogeneity can be handled. How- 
ever, no design criteria are given for the optical 
waveguides to be used in the acousto-optical mode 
converters. 

[0019] A summary paper of the fundamental physics 
and the working principle of acousto-optical tunable 
switches and filters is disclosed by S. Morasca, D. Scar- 
ano and S. Schmid "APPLICATION OF LiNb03 ACOU- 
STO-OPTICAL TUNABLE SWITCHES AND FILTERS 
IN WDM TRANSMISSION NETWORKS AT HIGH BIT 
RATES", published in Giancarlo Prati (Ed.): "Photonics 
Networks", pp. 458 to 472, Springer, 1997. For an oper- 
ating wavelength of around 1550 nm a straight mono- 
mode optical waveguide of typically 7 \xm is embedded 
in about a 100 jim wide monomodal acoustic 
waveguide. Although it is discussed here, that the bire- 
fringent variations of the waveguide causes the phase 
mismatch, no design rules are indicated regarding the 
waveguide parameters and the fabrication parameters 
in order to have a small birefringence variation along the 
optical waveguide and a small dependency of the 
obtained birefringence with respect to a variation of the 
manufacturing parameters. 
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ACOUSTO-OPTIC DEVICES HAVING AN IMPROVE D 
BIREFRINGENCE VARIATION 

[0020] In the cited parallel application filed by the 
applicant on the same day as the present application a s 
design rule is presented which allows to improve the 
birefringence variation along the waveguide (or respec- 
tively the variation of the birefringence between individ- 
ual samples of waveguides on the same wafer). 
Essentially, this design rule particularly links the birefrin- 10 
gence variation with the titanium stripe dimensions 
(before indiffusion). That is, the inventors have discov- 
ered that dimensional changes have different influence 
on a change of the birefringence depending on the size 
of the waveguide. In particular, it was found that the 15 
change in birefringence is larger for large (i.e. deep and 
wide) waveguides and small for small (i.e. shallow and 
thin) waveguides. This finding is best explained with ref- 
erence to the acousto-optic mode converter since here 
the birefringence variation can easily be seen in terms 20 
of the conversion frequency. 

[0021 ] Fig. 8a shows the experimental conversion fre- 
quency f plotted over the width of the waveguide (before 
indiffusion!) for different types of the waveguides. In Fig. 
8a a diffused waveguide was employed as in Fig. 1 (a). 25 
An interesting parameter in Fig. 8a is the change of the 
conversion frequency Af over the change of depth 
(height) of the waveguide Ai, where 1 designates the 
height of the channel waveguide (before diffusion). It is 
seen from Fig. 8 that a smaller width of the waveguide 30 
together with a smaller height of the waveguide results 
in smaller values of Af/At. For example, whilst the ratio 
Af/Ai for a 7 |xm is 15 kHz/A, this ratio is only 3.5 KHz/A 
for a 4.0 tun wide waveguide. On the right vertical scale, 
the birefringence values are indicated (i.e. the differ- 35 
ence An eff between n Gff TE and neff.TM)- 
[0022] In Fig. 8a, the line A designates the cut-off of 
the optical waveguide for a wavelength X = 1600 mm. 
That is, naturally, the smaller the waveguide becomes, 
the closer the fundamental mode of a certain wave- 40 
length will be to the cut-off condition. However, as is 
seen with the changing gradient of the curves near the 
cut-off boundary, the ratio Af/Ai becomes smaller closer 
to the cut-off boundary. From this a general relationship 
can be derived, namely that for a given desired optical 45 
wavelength of propagation (and refractive index change 
between the waveguide and its surrounding medium), 
the propagation constant of the fundamental (and only) 
mode should be as dose to cut-off as possible. 
[0023] This advantage of a reduction of the birefrin- so 
gent variation is also seen from Fig. 8b, which respec- 
tively show against the width of the waveguide W the 
variation of the conversion frequency Af/Aw with respect 
to the change of width and the change of conversion fre- 
quency Af/At with respect to a change of height. In Fig. 55 
8b and Fig. 9 the variation Af/Aw and Af/Ai respectively 
becomes smaller, in absolute value, the smaller the 
waveguide widths w becomes. Furthermore, it is also 



seen that smaller heights of waveguides (e.g. T = 1050 
A) lead to smaller absolute values of the changes Af/Aw 
and Af/Ai. The derivative of the conversion frequency 
with respect to the titanium layer thickness Af/Ai. (Fig. 
9) depends strongly from the waveguide width w. Fig. 9 
also shows the values of -15 kHz/A for a 7 jim wide 
waveguide (width before indiffusion) and -5 kHz/A at 4 
prn already indicated in Fig. 8a. That is, the waveguide 
in Fig. 9 is about 3-times less sensitive against inho- 
mogenities (variations or changes due to the manufac- 
turing method) of the titanium layer thickness. 
[0024] As seen from Fig. 8b, on the other hand, 
waveguides with relatively small layer thickness (height) 
are less sensitive with respect to inhomogenities in the 
waveguide width. A simple estimation considering real 
process related differences indicates that a 4 jxm wide 
waveguide having a titanium layer thickness of 1050 A 
is about 4- to 5-times less sensitive to typical fabrication 
tolerances than a conventional 7 jim wide waveguide 
having a titanium layer thickness of 1250 A. The most 
preferable pair of layer height/waveguide width is 1250 
A/4.1 fun. Other preferable values are 1050 A/5.2 urn 
and 1150 A/4.5 fim. 

[0025] Fig. 1 0a, 10b are analogous to Fig. 4, 5 (where 
Af « 800 KHz corresponding to a birefringence variation 
along the waveguide of a value 6(An) « 3.3 • 1 0 ) and 
show the superior effect of using a 1050 A/4.5 pm 
waveguide in the acousto-optical mode converter. Fig. 
10a shows that the side lobe suppression is superior (in 
fact very similar to the theoretical assumption) and Fig. 
1 0b indicates that only very minor variations in the order 
of 100 KHz of the conversion frequency occur along the 
longitudinal direction of the acousto-optical mode con- 
verter. As explained before, the conversion frequency is 
essentially a measure of the birefringence variation and 
thus Fig. 10b shows that only a minor variation of the 
birefringence (6(An) « 0.4 • 10 occurs. 
[0026] The inventors of the cited parallel application 
have clearly realised, that smaller waveguides (inde- 
pendent as to whether they are rib or channel 
waveguides etc.) perform better than strongly guiding 
wide waveguides. Since the conditions derived from 
Fig. 8 to 1 1 i.e. "narrow" and "flat" waveguides, automat- 
ically means that the optical wave is not strongly guided, 
an optimisation (i.e. a minimisation) of the waveguide 
dimensions is limited by the "cut-ofT wavelength of the 
fundamental modes. The "selection of waveguide 
dimensions (waveguide parameters)" such that the 
propagation constant is "close to cut-ofT can be 
expressed with respect to the cut-off wavelength of the 
fundamental mode. If the components are operable in 
the wavelength window between 1530 nm and 1565 
nm, then conventionally used waveguides in acousto- 
optical mode converters (having a width of 7-8 fun as 
can be taken from the above mentioned prior art docu- 
ments) have a cut-off beyond 1 750 nm for both TE- and 
TM-polarisations. According to the invention the expres- 
sion "optimised waveguide parameters" means, that the 
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lowest cut-off wavelength of the TM-mode or TE-mode 
is as close as possible to the upper signal wavelength, 
but preferably greater than 1570, and smaller than 
1650. This is true for straight waveguides. Curved 
waveguides should be kept broader since the decrease 
of the cut-off wavelength due to the curvature must be 
compensated by a larger width (for example, if the 
straight waveguide has a width of 5.5 £im then a curved 
waveguide with Rc = 130mm should have a width of 
approximately 6.5 \im). 

[0027] The most important realisation from the exper- 
iments in the parallel application is that the inventors 
have discovered that the performance of the acousto- 
optical devices are most strongly influenced by the 
waveguide dimensions. That is, whilst previously it had 
not been known which factors exactly influence the non- 
optimal behaviour of the conversion efficiency along the 
optical waveguide, the inventors have discovered that 
the problem lies within the waveguide dimensions. 

CONVENTIONAL LIFT-OFF METHOD 

[0028] In the prior art the so-called "lift-off" method 
has been established as the method to use for making 
an indiffused channel waveguide. As for example 
described in Theodor Tamir (Ed.), "Gutded-wave optoe- 
lectronics", Springer, 1990, pages 146 to 149, this 
method has been extensively studied in order to provide 
a set of manufacture conditions which are presently 
generally accepted as suitable for making indiffused 
channel waveguides that can be used in integrated 
optics. Fig. 11 shows the principle of the lift-off method. 
[0029] A polished substrate 1 made e.g. from LiNb0 3 
is cleaned and a photoresist 2 is deposited on the sub- 
strate 1 (Fig. 11a). The photoresist 2 is of a dual-tone- 
type and parts that are not exposed during the first 
exposition to UV-light are removed by a developer solu- 
tion. A mask 3 with a desired waveguide pattern 4 is 
placed in contact with the photoresist 2 which is 
exposed to UV-light (Fig. 1 1 a). A baking step of the pho- 
toresist 2 follows by heating the substrate to about 
120°C for approximately 210 s to cause a reversal of the 
photoresist characteristics. The photoresist is then 
exposed for a second time to UV-light, without the mask 
3 (Fig. 1 1b), to cause a reversal of the photoresist char- 
acteristics so as to achieve a negative photoresist dur- 
ing the development process. As shown in Fig. 11c, 
upon developing to remove the exposed photoresist 2, a 
window corresponding to a waveguide pattern is left in 
the photoresist 2. As shown in Fig. 1 1d, a titanium layer 
5 is deposited over the entire structure by RF-sputter- 
ing, electron beam deposition or a resistively heated 
evaporator. As seen in Fig. 11d, the titanium layer 5 is 
deposited on the disposed region of the substrate 1 and 
on the photoresist 2. The entire structure is then placed 
in a photoresist solvent which removes the photoresist 
and the unwanted titanium leaving the desired strip of 
titanium 5 on the substrate 1 as is shown in Fig. 11e. 



The process from Fig. 1 1d to Fig. 1 1e is called the "lift- 
off" step. The entire structure is then heated to indiffuse 
the titanium strip 5 into the substrate 1 to form the indif- 
fused waveguide 6 as is shown in Fig. 1 1f. 

5 [0030] US 5,227,01 1 describes a method for produc- 
ing a second harmonic wave generating device. It is 
stated that forming optical waveguides in LiNb0 3 by It 
diffusion is disadvantageous, since it is difficult to obtain 
great differences in refractive index from the bulk crys- 

10 tal. To produce a waveguide that is useable in such a 
non-linear device, a LiTa03 layer is provided on a 
LiNb0 3 substrate and a LiNb0 3 waveguide layer is pro- 
vided on the LiTa03 layer. In order to provide a ridge 
waveguide (see Fig. 1 e) the LiNb0 3 waveguide layer is 

is dry etched to obtain the ridge geometry. Thus, a ridge 
having a large refractive index change is manufactured. 
[0031] US 4,851,079 describes lithium niobate 
waveguide structures, where an indiffused channel 
waveguide is provided in the lithium niobate substrate 

20 and where additional electrodes are deposited onto the 
surface of the substrate. The electrode structure com- 
prises aluminium, gold on chromium, or gold on tita- 
nium. Using a dry etching method unmasked regions of 
the conducting layer provided on the surface of the sub- 

25 strate are etched to form the electrodes. No details 
about the indiffused channel waveguide in the substrate 
are given here. 

[0032] Therefore, the prior art described so far only 
used the liftoff method for producing the channel 
30 waveguide as is generally described with reference to 
Fig. 11. 

[0033] The inventors found, as is shown in Fig. 1 1c, 
that by usage of a dual tone photoresist 2, invariably an 
undercut or negative gradient occurs. This undercut 

35 cannot be controlled in a predictable way. The inventors 
further found that normally the titanium strip 5 is about 
0.5 urn to 2 jtm wider than expected (desired) on the 
chromium mask pattern 4. For example, if the pattern 4 
has a width of 7 jum, then the actual strip width can be 

40 up to 8.5 |xm in an unpredictable way. Furthermore, the 
applicant has found experimentally that the width of the 
waveguide can vary along the length of the waveguide 
by ± 0.5 fim, in an unpredictable way. 
[0034] On the basis of the above experiments con- 

45 ducted in connection with the acousto-optic mode con- 
verter, where a waveguide dimension variation is found 
to contribute critically to the mode converter perform- 
ance, and on the basis of the investigations made in 
connection with the lift-off method, where an unpredict- 

so ability wfth respect to the waveguide width in particular 
was established, the inventors of the present application 
perceived a problem not known from the prior art, 
namely that the conventional lift-off method cannot pro- 
vide waveguides with a good performance, i.e. for 

55 example a small birefringence variation along the 
waveguide. The applicant has established that this is 
mainly due to a large width variation of the titanium- 
stripe along the waveguide (and between several 
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waveguide samples). 

[0035] The above-described prior art shows that this 
problem with the conventional lift-off method had not 
been realised before. 

[0036] In the patent abstracts of Japan, Vol. 011, No. s 
026 (P-539) & JP 61 198 106 A, a Ti film is vapor- 
deposited on the surface of an electrooptic substrate 
composed of LiNb0 3 . An optical waveguide pattern is 
formed on the Ti film with a photoresist. The Ti film 
except a part forming the optical waveguide is removed w 
by an ion etching technique such that a very thin resid- 
ual Ti film is left on the surface of the electrooptic sub- 
strate at portions where no waveguide is to be formed in 
the substrate. Then, the remainder of the Ti film which is 
to be diffused is allowed to in fact diffuse into the elec^ 15 
tro-optical substrate. The extremely thin residual Ti film 
allows the formation of fine highly precise patterns by 
ionic etching and allows damage to the electro-optical 
substrate by ion collision to be minimized. 
[0037] However, the thickness of the residual Ti film 20 
must be controlled precisely not to expose the surface 
of the substrate (since otherwise there is a damage of 
the substrate crystal) at the end of the etching process. 
Therefore, this type of etching process is a complicated, 
material-wasting-and time-consuming process. 25 

SUMMARY OF THE INVENTION 

[0038] Therefore, the problem of the invention is 

30 

to provide a method, a waveguide and integrated 
optics devices resulting to a high degree of accu- 
racy, in particular in the width direction, when mak- 
ing indiffused optical waveguides, without requiring 
complicated manfacture steps. 35 

[0039] This problem is solved by a method according 
to claim 1 . Furthermore, this problem is solved by an 
indiffused optical waveguide according to claim 11. The 
problem is also solved by devices as mentioned in 40 
claims 18-25. 

[0040] The inventors propose to use a chemical/phys- 
ical etching technique rather than the lift-off method or 
an ion etching in order to produce a refractive index rais- 
ing-material stripe of a particular geometry on a sub- 45 
strate with much higher accuracy than known from the 
lift-off method. The combined chemical/physical etching 
technique has the advantage of providing for a reduced 
damaging effect of the substrate surface caused by the 
exposure of the substrate at the end of the etching proc- so 
ess. Accordingly, the advantage is achieved that no pre- 
cise control of the end of the etching process is 
necessary because - when using the chemical/physical 
etching techniques according to the invention - no sub- 
stantial risk of damaging of the substrate surface exists 55 
when it does become exposed. 

[0041] The method according to the invention is gen- 
erally useable for making any kind of indiffused optical 



waveguide in a substrate. Thus, the method of the 
invention can be used for making any kind of integrated 
optics device having a much improved operability, in 
particular devices having a high sensitivity to waveguide 
profile variations, such as, e.g. an acousto-optical mode 
converter, an acousto-optical switch, an optical power 
splitter, a dual-output Mach-Zehnder modulator, a polar- 
isation splitter and an electro-optical switch. 
[0042] The chemical/physical etching techniques 
comprise downstream plasma reactor etching, an elec- 
troncyclotron resonance etching and a reactive ion 
etching technique. A preferred embodiment of the 
invention uses the reactive ion etching technique. 
[0043] The reactive ion etching technique may be 
used for example in a CF 4 , SF 6 , CHF 3 , Cl 2 , or SiCI 4 
atmosphere. A preferred embodiment of the invention 
uses a S1CI4 gas atmosphere. Ohter preferred values 
for the manufacture conditions are a gas flow rate of 20 
seem and/or a pressure of 8 mTorr and/or a process 
power of 190 W and/or a RF generator frequency of 
1 3.56 MHz and/or a bias voltage of 400 V and/or a proc- 
ess time of 225 s. 

[0044] Furthermore, when the process gas is SiCI 4 , a 
preferred value for the pressure is 4 to 300 mTorr and 
preferably about 8 mTorr. 

[0045] According to the invention any substrate mate- 
rial or any waveguide material may be used. Preferably 
the substrate material is a birefringent material such as 
LiNb0 3 . A preferred material for the metal layer is Ti. 
[0046] A preferred embodiment of the waveguide 
geometry is a straight waveguide for example useable in 
an acousto-optical mode converter. However, the inven- 
tion is not restricted to a particular geometry such that 
also a curved waveguide structure a branch or other 
shapes are within the scope of the invention. 
[0047] The indiffused waveguide according to the 
invention is useable in any integrated optics device, 
such as, for example in an acousto-optical mode con- 
verter, an acousto-optical switch, an acousto-optical fil- 
ter, an optical power splitter, a dualoutput Mach- 
Zehnder modulator, a polarisation splitter and an elec- 
tro-optical switch. Also combinations of these devices 
on the same substrate can use the waveguide structure 
according to the invention. 

[0048] Further advantageous embodiments and 
improvements of the invention may be taken from the 
dependent claims. 

[0049] Hereinafter, the invention will be described with 
reference to its embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0050] In the drawings the same or similar reference 
numerals designate the same or similar parts through- 
out. In the drawings: 

Fig. 1 shows typical waveguide structures in 

integrated optical technology to which 
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the invention is applicable; 

Fig. 2 shows conceptional diagrams of some 

integrated optical components which 
can be built using the waveguide struc- 
tures of Fig. 1 ; 

Fig. 3 shows a basic mode converter design; 



Fig. 12a-12e shows a manufacturing method for 
making an indiffused waveguide 
according to a preferred embodiment 
of the invention; 

Fig. 13 shows examples of a wafer with several 

samples DPO - DPII of optical 
waveguides according to the invention; 



Fig. 4 shows the typical conversion charac- 

teristic of a conventional acousto-opti- 
cal mode converter using an optical 
waveguide of 1 250 A height and 7.0 \in\ 
width and a length of 60 mm; 

Fig. 5 shows a contour plot of the phase 

matching frequency (maximum = 100 
% phase matching) along the acousto- 
optic mode converter of Fig. 4 indicat- 
ing a typical birefringence variation 
along the longitudinal direction of the 
mode converter; 

Fig. 6 shows an acousto-optic tunable 2x2 

wavelength space switch using a polar- 
isation beam splitter and a polarisation 
combiner at the input and output; 

Fig. 7 shows the configuration of an acousto- 

optical filter; 

Fig. 8a shows the dependency of the conver- 

sion frequency over the width of a 
waveguide together with the cut-off of 
trie waveguide; 

Fig. 8b shows the relative change of conver- 

sion frequency Af/Aw with respect to 
the width of the waveguide; 

Fig. 9 shows the relative change of the con- 

version frequency Af/At with respect to 
the layer thickness; 

Fig. 10a shows the conversion efficiency tj over 

the frequency using an inventive optical 
waveguide (length L = 60 mm) in an 
acousto-optical mode converter; 

Fig. 10b shows the variation of the phase 

matching frequency along the longitu- 
dinal direction of the acousto-optical 
device of Fig. 10a (center value ^100 
% phase matching); 

Fig. 1 1 a-1 1 e shows a conventional "lift-off" manufac- 
turing method for making an indiffused 
waveguide; 



10 Fig. 14 shows a table comparing the perform- 

ance of the lift-off method with the 
method according to the invention; 

Fig. 15a shows an apparatus for carrying out 

is the method of the invention when a 

reactive ion etching technique is used 
for the chemical/physical etching; 

Fig. 15b shows an apparatus for an ion-milling- 

20 technique; 

Fig. 15c shows an apparatus for the sputter- 

etch-technique; and 

25 Fig. 16a shows an evanescent- wave polarisa- 

tion splitter using an indiffused optical 
waveguide according to the invention; 
and 

30 Fig. 16b shows a dual-output Mach-Zehnder 

modulator comprising a Mach-Zehnder 
modulator and a directional coupler. 
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PRINCIPLE OF THE INVENTION 

[0051] Hereinafter, a method for manufacturing an 
indiffused optical waveguide structure in a substrate 
according to the invention is described with reference to 
Fig. 12. 

[0052] In Fig. 12a a layer 7, of a material adapted to 
raise the refractive index by indiffusion in a substrate 1 , 
e.g. a metal, preferably Ti or a non-metal, preferably tita- 
nium dioxide, is deposited on the surface of the sub- 
strate 1, preferably made of LiNb0 3 . Hereinafter an 
example will be described using a metal layer 7, how- 
ever the invention is equally applicable to any other 
material for the layer 7. 

[0053] A standard positive photoresist film 8 is depos- 
ited on said metal layer 7. The positive photoresist film 8 
is patterned to provide a mask pattern in accordance 
with the desired waveguide structure. As is shown in 
Fig. 12a using the waveguide masking pattern 4, the 
positive photoresist undergoes a photolithography proc- 
ess such that portions of the photoresist film 8 which 
have been exposed to light are removed (for example 
using a conventional wet etching technique). Then the 
mask pattern 4 is removed to result in the structure of 
Fig. 12b. The remaining photoresist pattern 8 on the 
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metal layer 7 now corresponds to the desired 
waveguide structure to be made. 
[0054] As is indicated with the arrows in Fig. 12b, the 
portions of the metal layer 7 not covered by the remain- 
ing photoresist mask pattern 8 is etched to expose the 5 
substrate surface 1. According to the invention a dry 
etching technique is used (in Fig. 12b a reactive ion 
etching technique RIE is indicated). 
[0055] There are many dry etching technique for 
example known from the manufacturing of semiconduc- 10 
tor devices. Dry etching techniques comprise an ion 
bombardment etching technique including sputter-etch- 
ing and ion-milling etching techniques. Such ion bom- 
bardment techniques are physical etching techniques, 
i.e. the structure is removed by a physical impact. 15 
[0056] However, according to the invention there are 
used combined chemical/physical etching techniques 
like a downstream plasma reactor etching, an electron- 
cyclotron resonance etching and a reactive ion etching 
as explained before. This has the mayor advantage that 20 
the possible damage to the substrate surface is reduced 
when it becomes exposed during the etching process. 
[0057] When the chemical/physical etching technique 
comprises a reactive ion etching technique, a fluorine - 
or chlorine - based gas can be used as the processing 25 
gas such as, for <example CF 4 , SF 6 , CHF 3 , C1 2 or 
SiCI 4 . 

[0058] When the processing is carried out in a SiCI4 
gas atmosphere, preferred values for the processing 
conditions are as follows: 30 

Gas flow rate: 20 seem; 

Pressure: 8 mTorr; 

Process power: 1 90 W; 

RF generator frequency: 1 3.56 MHz; 35 

Bias voltage: 400 V; and 

Process time: 225 s. 

[0059] When the processing gas is SiCI 4 , a preferred 
range for the pressure is 4 to 300 mTorr and preferably 40 
the pressure is 8 mTorr. 

[0060] After the chemical/physical etching has been 
finished in Fig. 12b, the structure of Fig. 12c results, i.e. 
the chemicaiyfchysical etching is performed until the sur- 
face of the substrate 1 is exposed. Then the remaining ' 45 
resist 8 is removed to result in the structure of Fig. 12d. 
As in the conventional lift-off method, an indiffusion of 
the metal layer stripe 7 into the substrate 1 results in the 
indiffused channel waveguide 6 as is shown in Fig. 12e. 
[0061 ] An indiffusion temperature may be in the range so 
of 1000°C to 1050°C. A predetermined diffusion time for 
the diffusion process may be 9 hours. 
[0062] The above-described method is not limited to 
any particular waveguide and substrate or resist mate- 
rial. That is, the substrate material may be a birefringerrt 55 
material such as LiNb0 3 and the metal layer material 
may be titanium or any other metal, of course, the finaJ 
waveguide structure in terms of the geometry depends 



on the mask pattern 4 used in Fig. 12a. Therefore, the 
method is not limited to only straight waveguides but 
any kind of geometry, for example curved waveguides 
may be manufactured. Furthermore, it should be noted 
that the method is also not limited to manufacture 
waveguides of the uniform width. That is, to fulfil prede- 
termined conditions when the waveguides are bent, it is 
also conceivable to have a first waveguide width in a 
straight section and a second gradually varying 
waveguide width in a bent section. The waveguide width 
are prescribed by the mask pattern only. 
[0063] It is important to note that the method in Fig. 1 2 
can obtain a metal stripe on the substrate 1 before indif- 
fusion which has a width which corresponds to the- 
desired value in a highly reproducible manner and very 
accurately. Therefore, if for example the waveguide 
widths are chosen as shown in Fig. 8a, 8b, 9, then the 
stripe obtained with the method according to the inven- 
tion corresponds to the desired dimensions very accu- 
rately. As the width is the most critical parameter, 
improvement in the width accuracy and reproducibility is 
of great importance in practical devices, such as the 
above-described acousto-optical mode converter. 
[0064] Of course, it should be noted that the manufac- 
turing method in Fig. 12 is generally applicable to the 
formation of any indiffused optical waveguide and that 
the invention is therefore not restricted to the particular 
substrate material, waveguide geometry or integrated 
optics or a acousto-optical device. The manufacturing 
method in Fig. 13 is advantageous for the formation of 
any kind of waveguide geometry and device needing 
very precisely controlled stripe width dimensions before 
the indiffusion. 

[0065] Fig. 13 shows a wafer with a number of sam- 
ples DPO, DPII, each containing a number n of samples 
including an indiffused optical waveguide made accord- 
ing to the method of the invention. In the example in Fig. 
13, n = 50 and the integrated optics device is a power 
splitter as shown in Fig. 14. That is, each section DPO, 
.... DPII contains a number n of power splatters. Several 
samples were prepared by the conventional lift-oft 
method and by the method according to the invention 
using a dry etching technique. In Fig. 13, Fig. 14, a 
reactive ion etching technique was used for the dry 
etching. In each of the samples DPO, DPII the tita- 
nium thickness before indiffusion was changed resulting 
in the change of mode diameter. 
[0066] As shown in the schematic drawing in Fig. 14, 

the power splitter obtained in each sample DPO DPII 

was analysed by inputting light of a particular input 
power P and by measuring respectively the output pow- 
ers PI, P2 at the output ports. The splitting ratio P1/P2 
for the power splitters of each sample depends from the 
thickness of the Ti-layer before indiffusion. Furthermore, 
it has been shown by experiments done by the applicant 
that the splitting ratio P1/P2 may vary from sample to 
sample and amoung power splitters in each sample, 
due to random process variations. The average of the 
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splitting ratio PI/P2 for the n power splitters in each sam- 
ple is given in the table. Furthermore, the standard devi- 
ation (%) and the maximum variation (%) is calculated. 
[0067] Samples DPO, DPI, DP3, DPS, DP6, DP7, 
DP8, DPLO, DPII were made with the lift-off method. For s 
these samples also the average percent standard devi- 
ation and the maximum percent variation was calcu- 
lated. 

[0068] Another wafer was manufactured with samples 
DP12, DP13, DP14 where a number of power splatters 10 
were manufactured using the method according to the 
invention. A reactive ion etching method was used for 
the chemical/physical etching. The same parameters as 
for the conventional lift-off method were calculated, i.e. 
the average splitting ratio PI/P2, the percent standard is 
deviation and the maximum percent variation. Further- 
more, also the average of the standard deviation was 
calculated. , 
[0069] From the table in Fig. 14 it is clearly seen that 
there is a much larger variation of the splitting ratio 20 
when using the conventional lift-off method. Comparing 
the standard deviation of 10.51 % for the lift-off method 
with the average standard deviation of 3.73 % of the 
inventive method, it is seem that the inventive method 
produces an average standard deviation which is a fac- 25 
tor 3 smaller than the conventional lift-off method. The 
applicant has determined that the accuracy and predict- 
ability of waveguides achieved by a chemical/iphysipal 
etching technique according to the invention is withiri± 
0.1 \im. Furthermore, the maximum variation is around 30 
11 % for each sample prepared with the reactive ion 
etching technique, whereas the maximum variation 
changes from about 13 % to about 66 % among sam- 
ples prepared with the lift-off method. This significant 
improvement in the performance was totally unex- 35 
pected. 

[0070] Thus, the inventors first realised that the 
change in waveguide geometry is responsible for \ a 
change in operation performance (i.e. as is indicated in 
Fig. 8a for the acoustooptic mode converter) and per- 40 
formed experiments using the conventional lift-off 
method for varying metal layer thicknesses in order to 
find out whether this is a problem with this conventional 
method which had previously been generally accepted 
as the method to use. Rather than attributing the lartje 45 
average standard deviation obtained in the experimer|ts 
to specific choices of manufacture conditions in the lift- 
off method, the inventors realised that the problem is 
within the lift-off method itself. 

[0071 ] After performing the experiments using the RIE so 
method, such waveguide width variations could be 
reduced and this resulted in the considerably lower 
average value of the standard deviation. 
[0072] There is also a physical explanation why this 
problem of width variation occurs in the lift-off method. 55 
The shape of the undercut before deposing the titanium 
layer is irregular, due to the double exposure of the dual- 
tone photoresist. Then, as is shown in Fig. 11c. 11d, 



due to the undercuts produced when developing the 
structure, solvent intrudes the regions next to the stripe 
and causes the width variation. It was unexpected that 
this step in the conventional lift-off method indeed pro- 
duced waveguide width variations to such an extent that 
they would influence the operation performance of the 
optical waveguide drastically. 

[0073] By contrast, the chemical/physical etching 
technique does not use such sequential steps as in Fig. 
1 1 b, 1 1 c in order to remove the titanium layer above the 
resist, such that the titanium layer already provided on 
the substrate can be etched very highly and accurately. 
Thus, the width variation along one waveguide or 
between waveguides of the same sample can be kept 
small. Since the width variation is improved the perform- 
ance of the optical waveguide itself (i.e. transmission 
and coupling characteristics) can be improved and thus 
any integrated optics or acousto-optic device using such 
a diffused channel waveguide according to the invention 
has much improved operation characteristics. 
[0074] Typical devices where such optica) waveguides 
according to the invention may be used are an acousto- I 
optical mode converter (as described above), an acou- \ 
sto-optical switch, an acousto-optica! filter, an optical 
power splitter, a dualoutput Mach-Zehnder modulator, a 
polarisation splitter or an electro-optical switch. — 
[0075] Two devices of particular importance will be 
described with reference to Fig. 16. Fig. 16a shows the 
principle of an. evanescent waive coupler on a Irthiurrh 
niobate substrate to make a polarisation splitter as used 
in the example of Fig. 13,14. Such a polarisation splitter 
consists of single mode waveguides a 1f a 2 , a 3 , a 4 hav- 
ing an overall length of E and spacings A, B. The 
waveguides have a particular separation angle 6. A cou- 
pling region is denoted with Lc. In this coupling region 
the resonant evanescent fields of the progating modes 
respectively excite a mode in the adjacent portion 
according to the polarisation of the incoming light. Light 
of the TE/TM polarisation in the birefringent material will 
have different coupling properties, such that one polari- 
sation will be output at the output waveguide a 2 and the 
other polarisation will be output at the waveguide a 3 . For 
a so-called zero-gap-coupler, the distance C = O. Exam- 
ple data for such a polarisation splitter is: 
C = Ofim, D = 14jxm, E = 5 mm and 6 = 0.55 grad. The 
application of such a polarisation splitter to an acousto- 
optical waveguide device is disclosed in EP 0 737 880 
A1. 

[0076] Another important device where the optical 
waveguide made according to the method of the inven- 
tion is particularly useful is a dual-output Mach-Zehnder 
modulator (interferometer) as shown in Fig. 16b. Such a 
device is described in US 5,119,447. A Mach-Zehnder 
modulator MZM is followed by a directional coupler. The 
Mach-Zehnder modulator is modulated with a first pair 
of electrodes 26, 28a, 29 when respective voltages V s 
are applied to the terminals 24, 31. Separate DC bias 
electrodes 32, 34a, 35a receiving a bias voltage V B at 
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the terminals 30, 37 can additionally be provided. Refer- 
ence numerals 14, 16 . denote diffused optical 
waveguides in a substrate made of LiNb0 3 according to 
the invention. The Mach-Zehnder modulator including 
the succeeding directional coupler allows to split energy 5 
input at the terminal 10 equally at the terminals 20, 22. 
[0077] However, it should be understood that the 
invention is not restricted to any particular integrated 
optics device or any particular acousto-optic device as 
shown here. to 
[0078] Fig. 15a, ISb. 15c show several etching devices 
and e.g. Fig. 15a can be used for carrying out the inven- 
tion. Fig. 15a shows a conventional reactive ion etching 
apparatus. Etching gases are supplied to the chamber 
C and the wafers are provided on a common holding is 
device H. A glow discharge is generated in the chamber 
C and a bias voltage is applied to the electrode H. Thus, 
the ions contained in the glow discharge are acceler- 
ated towards the wafers and thus etch the exposed tita- 
nium portions (see the method in Fig. 12b, 12c). 20 
[0079] Fig. 15b shows a so-called sputter-etching 
apparatus. An ion gun IG generates an ion beam which 
is directed to a target material contained in a receptacle 
R. The wafers are heated by a substrate heater and the 
particles removed from the target are sputtered onto the 25 
water. 

[0080] Fig. 15c shows the so-called ion-milling tech- 
nique where the substrates are provided on a water- 
cooled substrate electrode within a vacuum chamber. A 
hollow so-called "catcher" electrode (which is con- 30 
nected to ground) is arranged opposite to said substrate 
electrode. When an RF energy is applied to the elec- 
trodes gas ions contained in the vacuum chamber per- 
form a kind of grinding operation on the wafers. Thus, 
the exposed metal layer (titanium) portions can be 35 
removed. 

INDUSTRIAL APPLICABILITY 



[0081] As explained above, the method of the inven- 
tion can be used for fabricating an improved indiffused 
optical waveguide wherein the use of this waveguide is 
not restricted to any kind of particular device. A particu- 
lar advantageous use of such indiffused optical 
waveguides according to the invention is within an acou- 
sto-optical mode converter, since here even small varia- 
tions in the width cause a drastic variation of the 
birefringence along the optical waveguide. 
[0082] The invention is not limited to the above- 
described embodiments, which are currently perceived 
as the best mode of the invention and which only serve 
the general explanation of the principle of the invention. 
Within the scope of the invention, as defined in the 
appended claims, the invention can also be realised 
with other embodiments which have not been described 
above. In particular, the invention can comprise fea- 
tures, which result from a combination of the respective 
single features of the claims. Reference numerals in the 



claims, in the description and in the drawings only serve 
illustration purposes to facilitate the understanding of 
the invention and do not limit the scope of protection. 

Claims 

1. A method of manufacturing an indiffused optical 
waveguide structure in-a-substrate (1 6). comprising 
the following steps: 

a) preparing a substrate (1); 

b) depositing a layer (7) of a refractive index 
modifying material on a surface of said sub- 
strate (1); 

c) depositing a resist film (8) on said layer (7) ; 

d) patterning said resist film (8) to provide a 
mask pattern in accordance with the desired 
waveguide structure; 

e) dry etching the portions of the layer (7) not 
covered by said mask pattern; 

f) removing said-mask pattern on the remaining 
layer structure; and 

g) diffusing said layer structure into said sub- 
strate using a heat treatment; 
characterized in that 

i) said dry etching step e) uses a chemi- 
cal/physical etching technique and is executed 
to expose the substrate surface. 

2. A method according to claim 1 , 
characterized in that 

said chemical/physical etching technique is one of 
downstream plasma reactor etching, electron- 
cyclotron resonance etching and reactive ion etch- 
ing techniques (RIE). 

3. A method according to claim 1 , 
characterized in that 

said chemical/physical etching techniques used for 
etching said metal layer in step e) comprises a 
reactive ion etching technique in a CF 4 , SF 6 , CHF 3 , 
CI 2 or SiCI 4 atmosphere. 



4. A method according to claim 1 , 

45 characterized in that 

said chemical/physical etching techniques used for 
etching said metal layer in step e) comprises a 
reactive ion etching technique in a SiCI 4 gas atmos- 
phere and/or a gas flow rate of 20 seem and/or a 

so pressure of 8 mTorr and/or a process power of 1 90 
W, and/or an RF generator frequency of 13.56 MHz 
and/or a bias voltage of 400 V and/or a process 
time of 225 s. 

55 5. A method according to claim 3, 
characterized in that 

the process gas is SiCl4 and the pressure is 
between 4 to 300 mTorr. 
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6. A method according to claim 5, 
characterized in that 

the process gas is SiCi 4 and the pressure is 8 
mTorr. 

7. A method according to claim 1 , 
characterized in that 

said substrate material is a birefringent material. 

8. A method according to claim 1 , 
characterized in that 

said substrate material is LiNb0 3 . 

9. A method according to claim 1 , 
characterized in that 

said metal layer material is Ti. 

10. A method according to claim 1, 
characterized in that 

said waveguide structure is a straight or curved 
waveguide. 

11. An indiffused optical waveguide (6) in a substrate 
formed by etching a metal layer deposited on a sub- 
strate (1) and covered with a resist layer mask pat- 
tern (8) by a chemical/physical etching technique to 
expose the substrate and by diffusing the remaining 
metal layer structure into the substrate (1) by a heat 
treatment. 

1 2. A waveguide according to claim 1 1 , 
characterized in that 

said chemical/physical etching technique used for 
etching said metal layer is one of downstream 
plasma reactor etching, electron-cyclotron reso- 
nance etching and reactive ion etching techniques 
(RIE). 

13. A waveguide according to claim 1 1 , 
characterized in that 

said chemical/physical etching technique used for 
etching said metal layer comprises a reactive ion 
etching technique in a CF 4 , SF 6> CHF 3 , C! 2 . SiCI 4 
atmosphere. 

14. A waveguide according to claim 1 1 , 
characterized in that 

said substrate material is a birefringent material. 

15. A waveguide according to claim 1 1 , 
characterized in that 

said substrate material is LiNb0 3 . 

1 6. A waveguide according to claim 1 1 , 
characterized in that 

said metal layer material is Ti. 

1 7. A waveguide according to claim 1 1 , 



characterized in that 

said waveguide structure is a straight or curved 
waveguide. 

5 18. An integrated optics device comprising one or more 
indiffused optical waveguides according to anyone 
of claims 11-17. 

19. An acousto-optical mode converter comprising one 
w or more indiffused optical waveguides according to 

anyone of claims 11-17. 

20. An acousto-optical switch comprising one or more 
indiffused optical waveguides according to anyone 

15 of claims 11-17. 

21. An acousto-optical filter comprising one or more 
indiffused optical waveguides according to anyone 
of claims 11-17. 

20 

22. An optical power splitter comprising one or more 
indiffused optical waveguides according to anyone 
of claims 11-17. 

25 23. A dual-output Mach-Zehnder modulator comprising 
one or more indiffused optical waveguides accord- 
ing to anyone of claims 11-17. 

24. A polarisation splitter comprising one or more indif- 
30 fused optical waveguides according to anyone of 

claims 11-17. 

25. An electro-optical switch comprising one or more 
indiffused optical waveguides according to anyone 

35 of claims 11-17. 

26. A method according to claim 1 , 
characterized in that 

an integrated optics device comprising one or more 
40 indiffused optical waveguides is formed in said sub- 
strate. 

27. A method according to claim 1 , 
characterized in that 

45 an acousto-optical mode converter comprising one 
or more indiffused optical waveguides is formed in 
said substrate. 

28. A method according to claim 1 , 
so characterized in that 

an acousto-optical switch comprising one or more 
indiffused optical waveguides is formed in said sub- 
strate. 

55 29. A method according to claim 1 , 
characterized in that 

an acousto-optical filter comprising one or more 
indiffused optical waveguides is formed in said sub- 



12 



23 



EP 0 969 297 A1 



strata 



30. A method according to claim 1 , 
characterized in that 

an optical power splitter comprising one or more s 
indiffused optical waveguides is formed in said sub- 
strate. 

31 . A method according to claim 1 , 

characterized in that w 
a dual output Mach-Zehnder modulator comprising 
one or more indiffused optical waveguides is 
formed in said substrate. 

32. A method according to claim 1 , 15 
characterized in that 

a polarisation splitter comprising one or more indif- 
fused optical waveguides is formed in said sub- 
strate. 



33. A method according to claim 1, 
characterized in that 

an electro-optical switch comprising one or more 
indiffused optical waveguides is formed in said sub- 
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